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ABSTRACT 

26 Al radioactivity traces recent nucleosynthesis 
throughout the Galaxy, and is known to be produced 
in massive stars and novae. The map from its de- 
cay gamma-ray line suggests massive stars to dom- 
inate, but high-resolution line spectroscopy is ex- 
pected to supplement imaging of 26 Al source regions 
and thus to help decide about the 26 Al injection pro- 
cess and interstellar environment, hence about the 
specific massive-star subgroup and phase which pro- 
duces interstellar 26 Al. The INTEGRAL Spectrom- 
eter SPI has observed Galactic 26 Al radioactivity in 
its 1809 keV gamma-ray line during its first inner- 
Galaxy survey. Instrumental background lines make 
analysis difficult; yet, a clear signal from the inner 
Galaxy agrees with expectations. In particular, SPI 
has constrained the line width to exclude previously- 
reported line broadenings corresponding to veloci- 
ties >500 km s _1 . The signal-to-background ratio of 
~ percent implies that detector response and back- 
ground modeling need to be fine-tuned to eventually 
enable line shape deconvolution in order to extract 
source location information along the line of sight. 

Keywords: nucleosynthesis; supernovae; novae; mas- 
sive stars; instruments: gamma-ray telescopes. 



1. INTRODUCTION 



Radioactive 26 Al traces recent nucleosynthesis ac- 
tivity throughout the Galaxy through gamma- 
rays emitted with their decay after a lifetime 
r=1.04 My. The gamma-ray photon energy is 
1808.65 (±0.07) keV in the laboratory frame. 
Such gamma-rays penetrate interstellar matter eas- 
ily and reach gamma-ray telescopes even from 
within dense molecular clouds. Their densities are 




Figure 1. Skymap of 2e Al gamma-rays, derived 
from the 9-yea r CGRO mission with CO MP TEL 
UPlusr.hke ,t allUiiMl 



p <10" 18 g cm" 3 , the line-of-sight mass column 
reaches J p ds <C g cm" 2 . Therefore interstellar 
clouds occult sources at almost all other frequen- 
cies of the electromagnetic spectrum; only stellar en- 
velopes reach column densities above a few gem" 2 , 
the optical depth for such gamma-rays, so that ra- 
dioactivities inside stars and the early supernova and 
nova phases remain hidden from direct observations. 

All-sky mapping of 26 Al gamma-rays with the 
COMPTEL imaging telescope (see Fig. [TJ 
ijOberlackl Il997t iPluschke etall 1200 ll) has convinc- 
ingly shown that the 26 Al sky reflects recent nucle- 
osynthesis over the entire Galaxy, rather than pe- 
culiar interstellar 26 Al in the solar vicinity; the lat- 
ter had been suggested from 26 Al enrichments of the 
early solar system as inferred from meteorites. 

Presolar grains in meteorites have shown in recent 
years that all candidate sources of 26 Al (novae, 
AGB stars, Wolf-Rayet stars, a nd core-collapse su- 
pernovae) indeed p roduce 26 Al l|Amari et all l2001t 
iNittler et all 11996ft . Yet, we consider plausible that 
massive stars dominate the Galactic 26 Al budget 
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Figure 2. Gamma-ray flux measurements for the 
inner Galaxy from different experiments. Not all 
are significantly positive measurements, as seen from 
their total uncertainties (la). A plausible value ap- 
pears to be 4±1 lCT^ph cm^s- 1 (dotted). 



l|Prantzos fc Diehll . Il99fift . This arises from the non- 
homogeneous 180 9 keV emission along the plane 
of th e Galaxy l|Diehl et all 119951 : IKnodlseder et all 
1999) reminiscent of massive-star tracers, and 
from consistency of massive-star 26 Al sources with 
dust heating and interstellar-medium io nization 
ijKnodlsedeii Il999t IKnodlseder et all 11999ft . Prob- 
ably AGB stars and novae are minor contributors, 
unless only a subset of them are important, which 
would spatially coincide with massive star regions. 



2. STATUS OF 26 AL STUDIES 



A number of experiments have measured cosmic 
26 Al gamma-rays. As the spatial resolutions of 
instruments vary between allsky except Earth's 
shadow (RHESSI, «230°), «180° (SMM), and «3- 
4° (SPI/INTEGRAL, COMPTEL), flux values can 
be compared only for large regions such as the 
bright ridge (Fig^) of the inner Galaxy (defined 
as the inner radian, w ±30°; the latitude inte- 
gration range is less critical, w ±15° see Fig^l. 
Fig El summarizes the flux values which have been 
derived for this region from 9 experiments, 5 of 
them with reported significant detections. The 
discrepancies among experiments may indicate in- 
strumental systematics, but partly also may be 
due to instrument fiel d-of-view differences (see e.g. 
IWunderer et all |2004)) and the definition of back- 
ground references. Therefore, from this integrated 
flux of «4±1 10 _4 ph em~ 2 s only weak constraints 
on the sources of 26 Al can be derived when inte- 
grated yields per type of source from models are 
compared to this value. Interpretations depend on 
the spatial distribution in the Galaxy, from mod- 
els smoothly following interstellar gas as represented 
by exponential disks with typical scales R«3.5 kpc 
and zwO.l kpc <|FerriereL 119951: iDiehl et allll99fift . to 
irregular models due to spiral structure and pecu- 
liar, active r egion s such as Cygnus ( s ee Fig . ^ and 
IDiehl et all <|199fifl : IKnodlseder et all (|1999|n . From 
COMPTEL, a tota l Galactic mass of ^2= L1 M, 
has been estimated l|Knodlseder et all 119961. 1199 
All candidate sources all have be en reported to 
be able to produce such amounts ijTimmes et all 



Mevnet et all Il997t iForrestini fcCharbonnel 
Starrfield et all l2000j) . But yields for AGB 
stars are probably most uncertain (0.01-4 M Q , 
iMowlavi fe Mevnetll200CTl. and nova yield s in current 
models are 0.1-0.4 M ? l),Iose et, all Il997l) and would 
reach the observed total only under extreme mix- 
ing assumptions or if scaled with the ejected-mass 
ratios between models and nova observations to ob- 
tain such high values; therefore these two candidate- 
source arguments are somewhat controversial. For 
massive stars in their Wolf-Rayet and core-collapse 
supernova stages, much detailed modeling is avail- 
able, and both are compatible with these inferred 
2 M Q of 26 Al in the G alaxy (though on th e low 
side) (iPrantzos fc Diehj Il996t IVuissoz et all l2003t 
lRa.uscher et all l2002|). 

Other arguments can be derived from a compari- 
son of the 26 Al map with tracers of the candidate 
sources. From comparisons of heated-dust distri- 
bution, free-electron distribution, and H Q maps, an 
26 Al origi n in massive stars has been found most 
nlausihle lliw.zos fc DiehiL IT99?llCl leu et a,llll995t 
IDiehl et all Il996t IKnodlseder et all 11999(1 . In par- 
ticular, the ionizing power and 26 Al yields from 
massive stars have been shown to be consistent: 
the Galactocentric gradient for supernova and Wolf- 
Rayet star space densities predicts an 26 Al yield 
profile as a result of differ ent metalicity dependen - 
cies for these source types llPrantzos fc Diehj Il996j) , 
which matches the 26 Al map profile m ore closely for a 
Wolf-Rayet origin (|Knodlsedeil I1999T) : furthermore, 
the presence of significant 26 Al in the young Cygnus 
massive-star region with probably-low supernova his- 
tory suggests that the Wolf-Rayet phase of massive 
stars d ominates over the contri bution from core col- 
lapses l)Kn5dlseder et allf2002j) . 

But, detailed proof is not available yet. Convinc- 
ing arguments could be derived from better es- 
timates of the distances and locations of candi- 
date sources. This can be achieved in localized 
source regions such as Cygnus, Vela, and Orion 
(see contributions by Knodlsed er et al., and Schan ne 
et al., these Proceedings, and IDiehl et all l|2001f )): 
population-synthesis modeling of the 26 Al content 
in the region can be compared to the gamma-ray 
measurements, to check for consistency of the age 
of the s tellar populatio n with nucleosynthesis mod- 
els (see ICervino et all kOQOt iPliischke et all l2000t 
IKnodlseder et alll2004j) . Moreover, high-resolution 
spectroscopy together with spatial resolution on the 
scale of degrees , such as available with INTEGRAL 
llWinkler et all H)03), may allow exploitation of 
Galactic rotation to locate source regions in the inner 
Galaxy (see below). 

The measurements of the 26 Al gamma-ray line 
profile with experiments featuring high-resolution 
spectroscopy (see Fig|3J) are somewhat controver- 
sial. The GRIS balloon-borne experiment had ob- 
tained a significantly-broadened line, correspond- 
ing to interstellar ve locities of decayin g 26 Al nu- 
clei of 540 km s _1 (|Nava et all Il996j) : this had 
been difficult to understand, unless large (kpc- 
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Figure 3. Measurements /constraints of the intrin- 
sic, astrophysical width of the 1809 keV 26 Al line: 
For the inner Galaxy three different experiments have 
been made, SPI also reported a measurement for the 
Cygnus region. The significant broadening reported 
by GRIS is not seen by other experiments. 

sized) cavities in the interstellar medi um or dust 
grams would hold the bulk o f 26 Al fe.g. lChen et~afl 
119971: ISturner fc Naval I"l9991. But all satellite-based 
Ge detector experiments report 26 Al line widths 
consistent with inst rumental resolutions or only 
slightly broadened llkahonev et all Il982t ISmithl . 
120031: iDiehlet alll2003HKnodlseder et alll2004l) (see 
Fig. |2J; this suggests some unknown systematic dis- 
tortion of the GRIS measurement. Still, gamma-ray 
spectroscopy in space at the 0.1 keV level is an ex- 
perimental challenge; careful assessments of instru- 
mental response and background are essential. 



3. INTEGRAL SPECTROMETER DATA AND 
ANALYSIS 



The SPI spectrometer on INTEGRAL features a 19- 
element Ge detector camera embedded in a mas- 
sive shield of BGO detectors, with imaging ca- 
pability due to a tungsten coded-mask m o unted 
in the telesc ope a perture l)Vedrenne et all l2003t 
iRoaues et all l2003|) . At 1809 keV, the SPI spa- 
tial resolution is estimated as 2.8°, point source sen- 
sitivity as 2.5 10~ 5 ph cm _2 s _1 for a narrow line, 
and spectral resolution has been measured as 3.0 
keV (|Roques et all l2003t Dean et all I2003H . Spec- 
tral resolution varies over time, due to cosmic-ray ir- 
radiation of the detectors which degrades the charge 
collection efficiency; this is rectified periodically 
through detector an nealing procedures, r estoring the 
quoted resolution l)Roaues et all l2003|) . Spectral 
analysis must account for these temporal variations 
to enable line shape studies. 

The SPI sensitivity is constrained by the under- 
lying instrumental background. In the vicinity of 
the 26 Al line (see Fig. QJ, a broad spectral fea- 
ture is observed, which probably is a blend of 
3 background lines. Background is expected at 
1808.65 keV from excited 26 Mg produced from 
spallation of Al and from a-capturcs on Na, 
and at 1810.7 keV from 56 M n(0-) 56 Co(EC) 56 Fe 
l|Weidenspointner et all l2003[) . But other nuclear 
lines may contribute: In particular, there is a strong 
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Figure 4- The instrumental background spectrum in 
the vicinity of the 2e Al line is dominated by contin- 
uum. But a feature from several blended lines at 
1810 keV, although much weaker than adjacent back- 
ground lines from Al and Bi activation at 1119 and 
1164 keV, respectively, complicates spectroscopy of 
the 26 Al line. 
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Figure 5. The instrumental background feature un- 
derlying the 26 Al line is probably composed of 3 lines, 
at energies 1805.5, 1808.1, and 1810.1 keV, respec- 
tively. Here we show how a line at 1808.6 keV 
with instrumental resolution is embedded in this fea- 
ture (top). The residual spectrum (bottom) indi- 
cates the two other instrumental line components at 
1805 and 1811 keV, both represented well by a Gaus- 
sian of instrumental width. Line intensity ratios are 
0.09/0.52/0.39, for the 1805.5, 1808.1, and 1810.1 
keV lines, respectively, with an uncertainty ±0.015 
in each of these. 
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Figure 6. The exposure in the inner Galaxy from 
GCDE parts 1 and 2, with data from orbits J^l-123. 
In the GC, 1.03 Ms are obtained, while in the plane 
of the Galaxy, exposure is 0.52 and 0.58 Ms at - 
/+ 30°, respectively (linear scale). 



hint for another, yet unidentified line, at 1805.5 keV 
(see Fig. . The total event rate in the instrumental 
feature is 2 10 _1 Hz, which compares to an expected 
celestial 26 Al event rate of a few 10~ 3 Hz at 1808.6 
keV from diffuse emission in the inner Galaxy. 



4. SPI RESULTS AND ISSUES 
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Figure 7. Spectrum of fitted skymap intensities , 
for th e earlier GCDE part-1 data ffrom lDiehl et al\ . 
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From the first part of the inner-Galaxy deep exposure 
(GCDE), the detection of the 18 09 keV gamma-ray 
line from 26 Al could be reported (jDiehl et all l2003t 
from «1 Ms of exposure selected as useful at the 
time). Considerable uncertainties had to be faced, 
since underlying background is large and variable. 
Different approaches to spectral analysis and back- 
ground treatment are essential at this early stage of 
the mission to get estimates of systematic uncertain- 
ties and the overall consistency of results, because 
the coded-mask encoding of the signal is rather weak 
for diffuse emission. The 26 Al sky intensity from 
the inner ±30° of the Galaxy was derived as (3- 
5)xl0 -4 ph cm _2 s _1 , the line width was found con- 
sistent with SPI's instrumental resolution of 3 keV 
(FWHM). Figure [7] shows a spectrum obtained from 
these data t hrough one o f the analysis approaches 
discussed in iDiehl et al . ( 2003). An offset by < 

0. 3 keV in line energy was attributed to the prelimi- 
nary energy calibration. 

In the meantime, the exposure of the inner Galaxy 
has been more than doubled, and data corruption 
during processing have been minimized, so that 
an effective exposure (live time) of 3.6 Ms is ob- 
tained (see Fig. EJ). Addition ally, the energy cali - 
brations have been improved l|Loniou et all ]2004) , 
and the background behavior has been studied in 
much more detail; several approaches to model the 
instrumental lines a nd continuum are being em- 
ployed and refin ed ijWeidenspointner et all l2003t 

1. Tean et all . l2003h . We usefully exploit the perfor- 
mance record of SPI over mission time for energy 
calibration; in addition, background modeling bene- 
fits from such continuous data, and in particular from 
exposures off the plane of the Galaxy which are pre- 



Figure 8. Spectrum of fitted skymap intensities for 
the now-available GCDE 1+2 data. 

sumably free of celestial 26 Al signal. (For the earlier 
analysis, only off-source data from Crab and LMC 
exposures could be used, because of several changes 
of operational mode in the early part of the mission.) 
With now w 4 Ms of Galactic Plane exposure from 
the INTEGRAL Core Program (Fig. [BJ, and more 
than 2 Ms of additional performance data at other 
times, the background history can be traced much 
more accurately. 

For an adequate model of background in the Ge de- 
tector spectra, we use adjacent energies to force an 
absence of celestial signal outside the 26 Al line; in the 
26 Al line region, we adopt the spectral signature of 
background from off-source measurements. As one 
approach, we scale this template at fine time reso- 
lution to model line background intensity variations 
from saturated event counts in the Ge detectors as 
a tracer of activation, and account for radioactive 
buil d-up where l ines are identified with an iso tope 
(see I.Tean et all HH iKuodlseHer et, all HE for 
further details on this approach). To make use of 
SPI as an imaging spectrometer, we may not only 
impose constraints on characteristics expected for 
background, but also on the shadow pattern cast by 
celestial photons as they illuminate the Ge camera 
through the coded mask; else the discrimination of 
the celestial component against the background com- 
ponent will be blurred. We implement this through 
an assumption on the intensity distribution in the 
sky, and fit the scaling factor of this sky model per 
each spectral bin, producing as result a spectrum 
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Figure 9. Simulated 26 Al line profile along the plane 
of the Galaxy, from the Doppler shifts of Galactic ro- 
tation and expansion fro m the ejection even t s (her e 
assumed as sur>ernovae) \Kretschm,er et all . \200S). 
The massive-star source distribution is shown as his- 
togram. 



of celestial intensity. Software tools spidi ffit and 
svLo b s_fit are used for t his analysis fsee lDiehl et all 
l2003t iKnodlseder et all l2004b|) . These efforts im- 
prove the sensitivity to the celestial signature sub- 
stantially, beyond on/off methods. In Fig. [5] we il- 
lustrate how additional data and better calibrations 
and background treatment improve spectra for the 
inner Galaxy; the analysis approach shown here is 
closest to the one which produced the result shown 
in PigEJ 

The distribution of 26 Al emission is modeled here by 
the emission of dust as observed by COBE/DIRBE 
at 240 /ini, background is modeled from adjacent en- 
ergy bands adjacent to the line (1786-1802 and 1815- 
1828 keV), plus a line complex template extracted 
from off-source observations of the LMC (Fig. 0, 
and of all observations available at latitudes >20° 
(Fig. |HJ), respectively, always normalized following 
the intensity of saturated events in Ge detectors. 
Again, variations of sky models do not affect results, 
but background models have a significant impact. 
Biases are possible which suppress Galactic 26 Al or 
which still retain a contribution from the structured 
instrumental background. Therefore, quantitative 
results for the Galactic large-scale 26 Al emission 
signifi cantly beyond our earlier paper l(Diehl et all 
2003), in particular intensity and gamma-ray line 
shape details, will have to await sufficiently deep un- 
derstanding of the biases of each of our analysis ap- 
proaches, through simulations and through tests on 
other source cases. Fine-tuning to optimize perfor- 
mances of each approach, plus uncertainty estimates 
per approach are in progress, so that consistency of 
these 26 Al results can be demonstrated. 

Further sophistication of such analysis would be 
the generation of 26 Al sky intensity distributions 
on the sky. This becomes feasible, once the celes- 
tial signal is sufficiently significant so that it can 
be broken down into different "pixels" on the sky. 
First steps towards this have been taken by split- 
ting the sky intensity models for different quad- 
rants of the Galaxy, and by the iterative imag- 



ing methods adapted from CO MPTEL analyses 
iKnodlseder et all Il999t IStrong L |2003|) . Publica- 
tion agreements within INTEGRAL'S Science Work- 
ing Team have led to a split of studies of differ- 
ent Galactic quadrants, pursued by different sub- 
groups. These spatially-resolved 26 Al results will 
thus be published elsewhere. Most sensitive large- 
scale spatially-resolved studies require one to exploit 
all pointings along the Galactic plane, and model 
background accurately around all these observing 
times. 

Once this will be achieved, the Doppler motion 
of source regions at different locations within the 
Galaxy is expected to leave a characteristic imprint 
on the 26 Al gamma-ray line shape. Simulations have 
been perform ed to demonstrate capabilities of SPI 
observations l|Kretschmer et all 120031 12004[) . Fig|5| 
shows the idealized simulated line shape (centroid, 
intensity, width) versus Galactic longitude from 26 Al 
ejected by nucleosynth esis events into a s upern ova- 
like environment (see iKretschmer et all 120031 for 
details), adopting current Galactic rotation mod- 
els and a spatial distribution model of sources de- 
rived from pulsar dispersion mea surements, which 
mode l free electrons in the Galaxy l|Tavlor fc Cordesl 
1993). It has been shown that the ionization from 
massive stars produces a spatial distribution remi- 
niscent of observed 26 Al gamma rays. The ioniza- 
tion power and the 26 Al yields from the population 
of massive stars throughout the Galaxy make up a 
consistent descript ion of massive-star origin for 26 Al 
(Knodlsedcr, 1999). If sufficiently large regions on 
the sky with Doppler motions in opposite directions 
are integrated and compared against each other, a 
displacement of the line centroids as large as 0.5 keV 
should result. With SPFs energy resolution of 3 keV, 
this will be significant for a statistical accuracy cor- 
responding to 3 Ms of exposure throughout these re- 
gions of the Galactic plane, assuming that system- 
atic uncertainties are negligible in comparison (see 
Fig. I10[l . This appears achievable over the duration 
of the INTEGRAL mission, yet presents a significant 
challenge for data analysis in the light of current un- 
certainties. 



5. SUMMARY 



The Galactic emission from 26 Al provides unique in- 
sight into the massive star population of the Galaxy 
and its interaction with the interstellar medium. 
Several experiments have set the stage for address- 
ing the related astrophysical questions with INTE- 
GRAL'S spectrometer: the Galaxy-wide flux mea- 
surement still lacks the precision required for source 
type discrimination. Local intensity measurements 
such as in the Cygnus region will be a valuable com- 
plement to this study, because in this case source 
populations are better constrained tha n in the in- 
ner Galaxy (see Knodls eder et all l2004f) . Fine spec- 
troscopy promises to become a diagnostic, both 
for source distributions within the Galaxy (through 
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Figure 10. Line profiles from regions east (dotted) 
and west (dashed) of the Galactic Center show an 
effective displacement of line centroids by 0.5 keV. 
SPI's instrumental energy resolution blurs these ide- 
alized profiles (dash-dotted, long-dashed lines), so 
that the statistical precision of 3 Ms of exposure is 
needed over these regions. 



Galactic rotation), and for ejection dynamics and the 
interstellar medium surrounding the sources in local- 
ized regions. SPI measurements of the first 1.5 years 
have demonstrated that INTEGRAL has the poten- 
tial to provide answers within the time frame of its 
mission. 
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